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APOLLO6 (A-2 ORAS-502/CSM-020/LTA-2R)

SPACECRAFfOPERATIONALTRAJECTORY

VOLUMEII - TRAJECTORYLISTING

By William J. Bennett, and RonnyH. Moore, OMAB

and Jon C. Harpold, LMAB

1.0 SUMMARY AND INTRODUCTION

This volume, Volume II, of the Apollo 6 (A-2 or AS-502/CSM-020)

Spacecraft Operational Trajectory presents the trajectory listing of the

nominal spacecraft mission profile and all data specifications necessary

to describe the spacecraft and the mission simulation. The trajectory

listing presents data from the second S-IVB translunar orbit injection to

CM splash. Trajectory data for those events occurring prior to waiting

orbit injection are available in the Marshall: Space Flight Center launch

vehicle operational trajectory (ref. i). Discrete events for the mission

are summarized in table i-I.

Section 2 of this volume presents the pertinent spacecraft data spec-

ifications and the input data used in the generation of the trajectory

profile. The coordinate system definitions and a brief explanation of the
table headings in the listing are given in section 3.

The trajectory data are presented in the appendices. Appendix A con-

tains all data pertaining to the earth orbit, i.e., from translunar orbit

injection to atmospheric entry. Appendix B presents the entry phase from

400 000-ft altitude to command module splash.

An initial print block for the launch pad at lift-off is included in

each table in appendix A. The trajectory state of S-IVB translunar

injection orbit is then presented. This initial print block is presented
for launch site reference.

Volume I (ref. 2) of this report summarizes the mission's objectives,

the mission guidelines, and provides a detailed description of the nominal

mission profile.

Volume III (ref. 3) presents a detailed tracking time history for

the MSFN ground stations available for the Apollo 6 Mission. The consum-

ables analysis report is presented in Volume IV (ref. 4).
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2.0 SUMMARYOFINPUTDATA

The data presented in this section were obtained from references 5
through 9. Thesedata include all input necessary to describe the space-
craft, spacecraft performance, and pertinent communications specifications
for the MSFNstations available for the Apollo 6 Mission. These data form
the basis for the spacecraft trajectory listing presented in the appendices.

2.1 Saturn V Launch Vehicle

The configuration of the Saturn V LV (AS-502) is shownin figure 2-1.
The Saturn V vehicle is composedof three major stages with a payload.
The S-IC, S-If and S-IVB are, respectively, the first, second, and third
stages of the Saturn V vehicle. A detailed description of the Saturn V LV
is presented in reference i. The Saturn V vehicle weight summaryis pre-
sented in table 2-I.

2.2 Spacecraft (CSM-020)

The Apollo spacecraft to be injected into a translunar orbit by the
Saturn V LV consists of CSM-020,LMTest Article 2R (LTA-2R), and an opera-
tional spacecraft LMadapter (SLA). The initial state vector for the space-
craft trajectory simulation was the conditions at S-IVB translunar injec-
tion (10 seconds after second S-IVB cutoff). These data were obtained
from the launch vehicle operational trajectory (ref. 1).

2.2.1 Weisht and propulsion characteristics.- The CSM weight character-

istics were obtained from references 5 through 7 and are summarized in

table 2-II. The SPS engine steady state of performance was simulated ac-

cording to the data presented in table 2-III. The SMRCS performance was

simulated using the data presented in table 2-IV.

2.2.2 Guidance losic and constants.- The cross-product steering

guidance logic of reference 8 was used in the simulation of this trajectory

profile. The guidance constants used during the SPS burn maneuvers and

the atmospheric entry phase are presented in tables 2-V and 2-VI, respec-

tively. Definition of the parameters and symbols used in these tables are

consistent with the MIT nomenclature in the above reference.

The two SPS burn maneuvers were simulated with a thrust tail-off bias

on the time-to-go calculation in the cross-product steering logic. From

the thrust tail-off profile presented in reference 7, a bias of 0.389 was

calculated to be near optimum to account for the thrust tail-off impulse.



This value, which was used in the trajectory simulation, allows the guid-
ance schemeto more accurately achieve the target ellipse.

2.2.3 Entry aerodynamics.- The CM entry aerodynamics are presented

in figure 2-3 as a function of Mach number. The aerodynamic coefficients

were derived from the data of reference 7. Parachute drag data for the

drogue and main chute phases were also obtained from reference 7 and are

presented in table 2-VI.

2.3 MSFN Ground Stations

The MSFN stations available for the support of the Apollo 6 Mission,

their tracking capabilities, and site locations were obtained from refer-

ence 6. The station coordinates are based upon the Fischer ellipsoid earth
model, reference 8. This model is characterized as follows:

Earth equatorial radius, a, m ...........

Earth polar radius, b, m .............

Flattening ratio, f ................

6 378 166.000

6 356 784.284

1/298.3

2.4 Earth Constants and Conversion Factors

The earth constants used are as follows:

{rad/sec ........

Earth rotational rate,_rad/min
[deg/sec

Earth equatorial radius, ft ..........

Average earth radius, ft ...........

Ift3/sec .....

km3/sec 2

Gravitational parameter (W) er3/min2[ [ [ [ [

er3/day 2 .....

Coefficients of potential harmonics

J-term (second harmonic) ..........

H-term (third harmonic) ...........

D-term (fourth harmonic) ..........

Earth flattening ratio (f) .........

0.729211505 x i0 -_

4.37526904 x 10-3

4.17807416 × 10 -3

2.092574147 x i0 7 '

2.09098410 x 10 7

1.407653916 x 1016

3.986032 x 10 5

5.53039344 x 10-3

11.46782384 x 103

1.62345 x 10-3

-0.575 x 10 -5

0.7875 x 10-5

3.35232987 x i0-3

The following conversions factors were used:

Kilometers per feet, km/ft ..........

Kilometers per n. mi., km/n. mi ........

Feet per n. mi., ft/n. mi ...........

Weight-to-mass ratio, ib/slug .........

0.3048 x 10-3

1.852

6076.115485

32.174049



Mass-to-weight ratio, slug/ib .........
Feet per earth equatorial radius, ft .....
Nautical mile per earth equatorial radius,

n. mi./er ..................

0. 031080950
2.092574147 x 107

3443.933585

3.0 EXPLANATIONOFTRAJECTORYLISTING

3.1 Spacecraft Reference Coordinate Systems

The basic coordinate systems used in the generation of the spacecraft
operational trajectory are illustrated in figures 3-1 to 3-5 and are ex-
plained below.

3.1.1 Spacecraft body coordinate system (XB, YB' ZB)'- This right-

handed, orthogonal coordinate system, illustrated in figure 3-1, has its

origin at the current vehicle position. The positive XB axis extends

through the apex of the CSM. The ZB axis is normal to XB, and its positive

direction extends in the direction of the foot end of the astronaut's

couches. The positive YB axis completes the right-handed coordinate system.

3.1.2 Launch site inertial attitude reference system (XI, YI' ZI)'-

This inertial right-handed, orthogonal coordinate system (fig. 3.2)

coincides with the launch site at the instant of lift-off. The positive

XI axis extends down-range in the direction of the launch azimuth and lies

in the local horizontal plane. The positive ZI axis extends upward along

the reference ellipsoid normal passing through the launch site. The posi-

tive YI completes the right-handed coordinate system.

3.1.3 Earth-referenced rotating attitude coordinate system (XR, YR' ZR)'-

This right-handed, orthogonal coordinate system (fig. 3.3) coincides

with the current subvehicle point. The positive ZR axis extends downward

along the reference ellipsoid normal passing through the subvehicle point.

_he positive X R axis extends north along the local meridian and is normal

to ZR. The positive YR axis completes the right-handed coordinate system.

3.1.4 Platform coordinate system (Xp, Yp, Zp).- This right-handed,

orthogomal coordinate system (fig. 3.4) coincides with the launch site at

the instant of lift-off. The positive Xp axis extends upward along the

reference ellipsoid normal passing through the launch site. The positive

Zp axis extends down-range in the direction of the flight azimuth and lies

in the local horizontal plane. The positive Yp completes the right-handed



coordinate system. This system does not rotate with the earth, but does
movewith the earth with respect to inertial space.

3.1.5 Navigation base coordinate system (XNB, YNB' ZNB)'- This right-

handed, orthogonal coordinate system (fig. 3.5) has its origin coinciding

with the origin of the spacecraft body coordinat_ system at all times.

The positive XNB axis makes a 33 ° angle with the positive XB axis, has a

component lying along the negative ZB axis, and lies in the XB-Z B plane.

The positive ZNB axis makes a 33 ° angle with the positive ZB axis, has a

component lying along the positive XB axis, and lies in XB-Z B plane.

3.1.6 Spacecraft look angles (@, e).- The spacecraft orientation

with respect to the sun or to the radar vector is illustrated in figure 2-h

and is defined by the following two angles:

i. Theta The angle between the spacecraft roll axis (+X B axis)

and the spacecraft-to-sun or radar vector.

2. Phi The angle between the spacecraft negative yaw axis

(-Z B axis) and the spacecraft-to-sun or radar vector

projected on the roll plane (YB-ZB plane). From the

rear of the spacecraft, this angle is measured positive

clockwise from the negative yaw axis.

3.2 Table Headings

3.2.1 Appendix A - earth orbit.- A brief description of each of the

table headings in appendix A follows:

Table I

Time Ground elapsed time from lift-off.

Geodetic latitude

Longitude

Angle between equatorial plane and the vector

normal to the ellipsoid at the subsatellite

point.

The angular distance from the Greenwich meridian

to the meridian of the subsatellite point

measured in the equatorial plane. Longitude

is positive if measured in an easterly direction

from the Greenwich meridian.

Alt itude Distance from vehicle to subsatellite point.

Radius Length of geocentric radius vectcr.



Time

Inertial velocity

Inertial flight-path angle

Inertial azimuth

Table II

Ground elapsed time from lift-off

Velocity referenced to a space-fixed system.

Angle between the local horizontal plane and
the inertial velocity vector.

Angle measured from north to the projection
of the inertial velocity vector on the local
horizontal plane.

Relative velocity Velocity relative to a rotating earth.

Relative flight-path angle Angle between the local horizontal plane and
the relative velocity vector.

Relative azimuth Angle measured from north to the projection
of the relative velocity vector on the local
horizontal plane.

Time

X, Y, Z

DX, DY, DZ

Table III

Ground elapsed time from lift-off.

Position componentsin an earth-centered
inertial (ECI) system with the +X-axis through
the vernal equinox, the +Z-axis along the
earth's meanrotational axis, and the +Y-axis
completing a right-handed coordinate system.

Velocity componentsin the ECI system.

Table IV

Time Ground elapsed time from lift-off.

Space fixed attitudes The attitude of the spacecraft body coordinate
(inertial pitch, yaw, roll) system (fig. 3-1) relative to the launch site

inertial attitude reference coordinate system
(fig. 3-2) .



Earth relative (pitch,
yaw, and roll)

The attitude of the spacecraft body coordinate
system (fig. 3-1) relative to the earth rotat-
ing attitude reference coordinate system
(fig. 3-3). The zero yaw, pitch, and roll posi-
tion occurs whenXB is colinear with XR, but

XB and ZB are 180° from YRand ZR, respectively.

IMUgimbal angles The attitude of the navigation base coordinate
system (fig. 3-5) relative to the platform
coordinate system (fig. 3-4).

Time

Angle of attack

Angle of sideslip

Sun look angle, e

Sun look angle, ¢

Table V

Ground elapsed time from lift-off.

Angle of attack in the pitch plane

Angle of attack in the yaw plane.

Angle between the vehicle-to-sun vector and
the vehicle positive XB axis.

Angle between the negative ZB-axis and the
projection of the vehicle-to-sun vector in
the YB ZBplane. Measuredpositive in the

direction of YB'

Time

LII

L21

L31

LI2

L22

L32

Table VI

Groundelapsed time from lift-off.

Direction cosines of XB relative to the ECI
system.

Direction cosines of YB relative to the ECI
system.



LI3

L23

L33

Direction cosines of ZB relative to the ECI
system.

Time

Vehicle declination

Vehicle right ascension

True anomaly

Semilatus rectum

Eccentricity

Inclination

Apogeealtitude

Perigee altitude

Predicted velocity at
entry

Predicted flight-path
angle at entry

TFF to 4O0K

Table VII

Ground elapsed time from lift-off.

Angle between equatorial plane and the geocentric
radius vector.

Angle eastward from the vernal equinox to the
projection of the geocentric radius vector on
the equatorial plane.

Angle in the orbit plane from perigee to the
satellite measuredpositive in the direction
of motion.

Perpendicular distance from the conic to
the semimaJoraxis through a focus.

Ratio of the distance between the center and
focus of an ellipse to its semimaJoraxis.

Angle between the orbital plane and the equa-
torial plane.

Predicted altitude at apogee.

Predicted altitude at perigee.

Predicted inertial velocity at 400 000 ft.

Predicted inertial flight-path angle at
4OO000 ft

Time of free flight to 400 000 ft based on
the earth radius at entry as stored in the
AGConboard. (Re = 20 925 738 ft)



Time

SPSpropellant

SMRCSpropellant

CMRCSpropellant

Total propellant

Total spacecraft weight

Propellant flow rate

Thrust

AV

Table VIII

Groundelapsed time in seconds.

TankedSPSpropellant remaining.

Available SMRCSpropellant remaining.

Available CMRCSpropellant remaining.

SPSpropellant plus SMRCSpropellant plus CMRCS
propellant.

Current total weight of spacecraft.

Current propellant flow rate.

Total thrust during each thrusting phase.

Current change in velocity for each phase in
the mission due to thrust and aerodynamic
forces.

3.2.2 Appendix B - reentry.- A brief description of each of the

table headings in appendix B is presented as follows:

Table I

Time Ground elapsed time from lift-off.

Geodetic latitude Angle between equatorial plane and the vector

normal to the ellipsoid at the subsatellite

point.

Longitude The angular distance from the Greem;ich meridian

to the meridian of the subsatellite point

measured in the equatorial plane. Longitude

is positive if measured in a easterly direction

from the Greenwich meridian.

Alt itude Distance from vehicle to subsatellite point.

Radius Length of geocentric radius vector.
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Time

Inertial velocity

Inertial flight-path angle

Inertial azimuth

Relative velocity

Relative flight-path angle

Relative azimuth

Table II

Ground elapsed time from lift-off.

Velocity referenced to a space-fixed system.

Angle between the local horizontal plane and

the inertial velocity vector.

Angle measured from north to the projection

of the inertial velocity vector on the local

horizontal plane.

Velocity relative to a rotating earth.

Angle between the local horizontal plane and

the relative velocity vector.

Angle measured from north to the projection

of the relative velocity vector on the local

horizontal plane.

Time

X, Y, Z

DX, DY, DZ

Table III

Ground elapsed time from lift-off.

Position components _n an ECI system with the

positive X-axis through the vernal equinox,

the positive Z-axis along the earth's mean

rotational axis and the positive Y-axis com-

pleting a right-handed coordinate system.

Velocity components in the ECI system.

Time

IMU gimbal angles

Table IV

Ground elapsed time from lift-off.

The attitude of the navigation base coordinate

system (fig. 3-5) relative to the platform

coordinate system (fig. 3-4).
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Time

Angle of attack

Angle of sideslip

Total G-units

Load factors at the center
of gravity

Table V

Groundelapsed time from lift-off.

Angle of attack in the pitch plane.

Angle of attack in the yaw plane.

Total load factor.

Componentsof total G-units along the space-
craft body coordinate system.

Time

LII

L21

L31

LI2

L22

L32

LI3

L23

L33

Time

Convective heating rate

Radiative heating rate

Total heating rate

Table Vl

Ground elapsed time from lift-off.

Direction cosines of XB relative to the ECl
system.

Direction cosines of YB relative to the ECI
system.

Direction cosines of ZB relative to the ECI
system.

Table VII

Groundelapsed time from lift-off.

Heating rate due to convective properties.

Heating rate due to radiative properties.

Total heating rate.
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Convective heat load

Radiative heat load

Total head load

Time

Alt it ude

Math number

Dynamicpressure

RCSfuel

Roll command

Heat load due to convective properties.

Heat load due to radiative properties.

Total heat load.

Table Vlll

Ground elapsed time from lift-off.

Distance from vehicle to subsatellite point.

Ratio of spacecraft aerodynamic velocity to
the velocity of sound.

Pressure due to velocity of spacecraft.

CMRCSfuel used during reentry.

Commandedroll angle.
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TABLE 2-1.- APOLLO 6 LAUNCH VEHICLE WEIGHT SUMMARY

Weight
change, Ib Weight, Ib

6 208 949Vehicle at ignition
Holddown propellant used

Vehicle weight at first motion
LOX
Fuel
Ice drop and GN2

Vehicle weight at CECO signal
Center-eng ine decay propellant
LOX
Fuel

Vehicle weight at OECO signal
Decay propel lant
S-II ullage propellant

Vehicle weight at S-IC/S-II
Separation signal

S-IC stage drop weight
S-IC/S-II small interstage

Vehicle weight at S-IC/S-II
Separation

S-II ullage propellant

Vehicle weight at S-II start
Thrust buildup propellant
S-II ullage propellant

Vehicle weight at S-ll 90% thrust
LOX
Fuel

S-II aft interstage
Launch escape tower
S-ll cameras

Vehicle weight at PMR signal
LOX
Fuel

i00 262

2 931 384
1 266 369

1 557

2 669
80 996
35 098

7 220
180

365 870
i 477

1 080

1 649
1 460

567 250

103 728

i0 751

8 660

120

214 229
44 340

6 108 687

1 909 377

1 790 614

1 785 214

1 415 867

1 414 787

1 411 678

721 169



16

TABLE2-1.- APOLLO6 LAUNCHVEHICLEWEIGHTSUMMARY-
Continued

Vehicleweightat S-II ECOsignal
Thrustdecaypropellant
S-IVBullagepropellant
S-II stagedropweight

Vehicleweightat S-II/S-IVB
Separation

S-IVBstartfuel
Thrustbuilduppropellant
S-IVBullagepropellant

Vehicleweightat S-IVB 90%
Thrust

Propellant
UIlagerocketcases
APS propellant

Vehicleweightat S-IVB cutoff
Signal

Thrust decay propellant
APS propel lant

Vehicle weight at parking orbit
Insertion

GH2 and helium vented in P.O.

APS propel lant
S-IVB propellant

Vehicle weight at S-IVB lead
Thrust initiation

APS propellant
LOX
Fuel

Vehicle weight at S-IVB 90%
Thrust (2nd burn)

S-IVB propellant

Weight
change, Ib Weight, Ib

462 600
386

6O

108 938

4
378

62

68 429

127

2

136

0

2 465
233

40

0

233

ii0

148 049

353 216

352 722

284 214

284 078

281 340

280 997
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TABLE2-1.- APOLLO6 LAUNCHVEHICLEWEIGHT SUMMARY-

Concluded

Vehicle weight at S-IVB cutoff"
Signal (2nd burn)

LOX decay propellant
Fuel decay propellant
LOX blowdown

Vehicle weight at translunar
Injection

Weight
change, Ib

96

18

56

Weight, Ib

132 948

132 778
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TABLE 2-11.-

Event

Spacecraft at lift-off

LES jettison

Spacecraft in earth orbit

S LA jettison
LTA-2R jettison

I

CSM alone

Service module

SM-RCS propellant

SPS propellant
SLA ring attachment

CM al one

Abl ator burnoff

CM RCS propellant
Forward heat shield

Drogue chute deployment

Drogue chutes
CSM/RCS propellant

Main chute deployment

Main chutes

CM Splash

SPACECRAFT WEIGHT SUMMARY a

Event weight,
Ib

93 776

85 000

55 205

12 400

ii 669

Ii 428

Ii 004

Weight losses,
Ib

8 776

3 795
26 000

9 084

780

32 850
91

261

57
413

63

178

424

aThe constants contained herein apply only to the data in this

report. The latest data specifications will be used to revise data
when necessary.
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TABLE 2-VlI.-APOLLO COMMAND MODULE - PARACHUTE DESCENT EVENTS AND

AERODYNAMICS a

Event

High altitude baroswitch closed
(actuate ELS)

Deploy drogue chutes

Drogue line stretch

Drogue chute reefed inflation

Droyue chute disreef

Drogue chutes full open

Altitude,
ft

Time,
sec

0.0

Low altitude baroswitch closed

Deploy main chutes

Main line stretch

Main chute reefed inflation

Begin main chute disreef

Mains full open

23 500

2.0

2.7

2.8

10.8

11.0

I0 200 0.0

1.0

2.0

3.5

i0.0

13.0

CDS (per chute),
ft 2

0.0

0.0

0.0

40.0

40.0

68.0

0.0

0.0

0.0

300.0

300.0

4000.0

aThere are two drogue and three main parachutes.
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Figure 2-1.- Saturn V reference dimensions.
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LAUNCH ESCAPE I I I

SU6SYSTEM 2031'S II
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26.0 1
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1
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Figure 2-2.- Command and service module reference dimensions.
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